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ABSTRACT: Results of direct simulation Monte Carlo (DSMC) solutions are presented for
the Japanese Orbital Reentry Experiment (OREX) vehicle, a 50 ° half-angle spherically
blunted cone with a nose radius of 1.35 m and a base diameter of 3.4 m. The flow conditions
simulated are those for entry into the Earth's atmosphere at a nominal velocity of about
7.4 km/s and zero incidence. Calculations are made for the higher altitude portion of entry,
encompassing the wansitional flow regime (altitudes of 200 to 80 km). Comparisons with
flight measured values are made for axial acceleration, surface pressure, and stagnation point
heating.

1 INTRODUCTION

On February 4, 1994, the Orbital Reentry Experiment (OREX) was launched into
Earth orbit by the H-H rocket with a successful probe reentry. OREX is the forerunner of a
series of three flight experiments planned as part of the development program for Japan's
unmanned space shuttle called HOPE. References 1 to 3 provide an indication of the scope
and quality of the basic data obtained from OREX. Aerothermodynamic measurements were
made with the objective of providing a data base that can be used to establish the
creditability of computational design tools for space Iransportation systems. OREX was a 50°
spherically blunted cone with a 1.35 m nose radius of curvature and a base diameter of 3.4 m.
Measurements made in the 120 to 80 km altitude range cover much of the transitional flow
regime. Measurements at these altitudes include the temperature response of several thermal
protection materials, surface pressure, acceleration, and electron number density.

One motivation for comparing with the OREX data is that the inferred surface
heating rate data are potentially unique for altitudes above about 95 km. Unlike the Shuttle
Orbiter which is an operational vehicle, OREX was enclosed in a protective fairing during
launch thereby negating the requirement for waterproof'rag the thermal protection materials.
Consequently, the OREX thermal protection system should not produce some of the outgasing
products and reduction in heating that would be common for the Orbiter during the initial heat
pulse. The initial entry heating reported for OREX exhibits a behavior that is characteristic of
a nonblowing surface whereas that evident for the Orbiter data might be explained in terms of
outgasing (see Fig. 11 of Ref. 4).

The higher altitude portion of the OREX entry is the focus of the present study where

the direct simulation Monte Carlo (DSMC) method of Bird s is used to calculate flow field

and surface quantities of the OREX forebody. Calculations are made for altitudes of 200 km
to 80 km. This altitude range encompasses the transitional flow regime in that the freestream
Knudsen number ranges from 58 to 0.0009. Presented are comparisons of DSMC results with
calculations made with a Navier Stokes solved and a viscous shock layer code 7 and flight
inferred results for axial acceleration, surface pressure, and stagnation point heating.

2 PROBLEM DEFINITION

2.1 Computational Method
The 2D/axisymmetric DSMC method of Bird s was used in the present study to

calculate the forebody flow about the OREX vehicle. The DSMC method provides a
capability of simulating flows across the complete flow specmnn of continuum to flee
molecular flows as utilized in the present study. Freeslxeam quantifies used in the present
calculations are included in Table I. As discussed in Ref. 7, the atmospheric properties
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below90kmarethosegiven by Yamamoto 3"_ while those above 90 km are from Jacchia s for
an exospheric temperature of 1200 K.

Molecular collisions are simulated using the variable hard sphere (VHS) molecular
model (ReL 5). Energy exchange between kinetic and internal modes is controlled by the
Larsen-Borgnakke 9 statistical model. For this study, simulations are performed using a
reacting gas model with five chemical species while considering energy exchange between
translational, rotational, and vibrational modes. For the diatomic molecules, a rotational
relaxation collision number of 5 and a vibrational relaxation collision number of 50 were
used.

For the gas surface interactions, the surf_e is assumed to be diffuse with full
thermal accommodation and finite catalytic. The surface temperature distributions were
obtained from Ref. 6 for altitudes less than 105 km where Navier-Stokes solutions for the
flowfield were coupled with a material response code as described in Ref. 3. Above 105 kin,
the surface temperature was assumed constant at a value of 331.8 K.

2.20REX Vehicle
The OREX vehicle (Fig. 1) is a spherically blunted cone having a 50-deg half angle

and a nose radius of 1.35 m. The shoulder comer radius is 0.1 m and the base diameter is
3.4 m. At entry, the vehicle weighed 761 kg.

The exposed forebody of OREX consisted of thermal protection materials that have
been developed and are being assessed for use on Japan's unmanned space shuttle called
HOPE. The nose cap was a monocoque carbon-carbon structure having a thickness of 4 mm.
Surrounding the carbon-carbon hot structure were twenty-four carbon-carbon tiles 1.5 mm in
thickness. Both the carbon nose and tiles are made from the same carbon-carbon mix.

Ringing the carbon-carbon tiles are some 230 ceramic tiles made of silicon-oxide and
aluminum-oxide fibers connected to OREX's aluminum honeycomb shell. The ceramic tiles
were 20 mm in thickness.

Flight data for which comparisons are made with DSMC calculations are the inferred
heating rates extracted from the back surface temperature measurements made at the nose
cap stagnation point, the high-altitude and mid-altitude pressure sensors connected to inlets
through the ceramic tiles, and the vehicle axial acceleration obtained from a micro-g
accelerometer mounted along the vehicle symmetry axis. More detail concerning the flight
measurements can be found in Refs. 1 through 3.

3 RESULTS

Figure 2 presents calculated results where the stagnation heating rate and drag
quantifies are shown as a function of altitude. Both the total drag coefficient and its pressure
component are presented, demonstrating the large contribution of frictional drag in the transi-
tional regime. The calculated results approach the free molecular value (CD = 2.11) at high
altitudes and the Mach 7 air wind tunnel results _ (Cv = 1.19) at low altitudes. The present
calculations cover altitudes down to 79.9 km where the calculated stagnation point heating is
36 percent of the peak heating which occurs at 63.6 km (7461.5 s) as shown in Fig. 3.

3.1 Stagnation-Point Heating
Results of temperature measurements have been reported in Refs. 1 through 3 for the

carbon-carbon nose cap as well as the carbon and ceramic tiles. Less information is currently
available concerning flight inferred heating rates. Consequently, the present comparisons will
focus on the stagnation-point results for the carbon-carbon nose cap.

Agreement between calculated and measured stagnation-point heating rates is fair.
Figure 3 presents the flight inferred stagnation.point heating rate results as a function of time
from launch of OREX. Continuum results obtained with viscous shock layer (VSL) _ and
Navier-Stokes e solutions are shown for altitudes of 105 km to 48.4 km. The NS results are for
a no-slip and a non-catalytic surface. The DSMC results shown for 105 to 79.9 km include
the same finite catalytic wall boundary condition as used in the VSL calculations; however,
the finite catalytic and non-catalytic boundary conditions yield essentially the same results
over this altitude range (see Ref. 7). Inclusion of the slip boundary conditions at higher
altitudes yield substantially lower heating rates for the VSL solution as is discussed in Ref. 7.



The heating rates are inferred from the temperature measurements made on the back surface
of a carbon-carbon material. As additional data are reported, opportunities will exist for
comparing calculated and measured results at various locations along the forebody.

A useful way of assessing the heat transfer results is to express the data in terms of

the heat transfer coefficient, defined herein asCH = 2q/poo V3. Figure 4 presents this data as

a function of altitude for both the DSMC calculations and the inferred flight data..There are
differences in the magnitudes up to 35 percent, but the general trends are consistent. The fact
that both data sets have the correct qualitative features (namely, CH increasing with
rarefaction and approaching 1.0 in the free molecular limit) and are in fair quantitative
agreement suggests that this set of evolving experimental data may be unique for the
transitional flow regime. The OREX data exhibits a behavior that is characteristic of a
nonblowing surface, whereas that evident for the Orbiter data might be explained in terms of
outgasing (see Fig. 11 of Ref. 4 where the inferred CH value is much less than the calculated
value for altitudes > 95 km).

3.2 Surface Pressure
As described in Ref. 2, two pressure measurements at different radial and

circumerential locations along the conical portion of the forebody were made during the
OREX reentry where the inlet systems consisted of orifice/tube/cavity arrangements mounted
flush with the external surface. One sensor provided data from high altitudes to about 75 km
with a four-decade capacitative type transducer, referred to as the high altitude pressure
sensor. The second sensor, referred to as the middle altitude pressure sensor was calibrated
for the altitude range of about 80 to 40 kin. The measured and calculated results indicate that
the pressures at the two orifice inlet locations are approximately the same.

Figure 5 presents the pressure measurements (from Ref. 2) showing results from both
pressure sensors as a function of altitude. The overlap between the high altitude and middle
altitude sensor output around 80 km is shown to be very good. Since the two pressure sensors
were displaced circumferentially (see Ref. 2), the overlap around 80 km altitude provides
additional information concerning the orientation of OREX at this altitude.

Also shown in Fig. 5 is the calculated surface pressure (high altitude sensor location)
which agrees very well with the measured results for altitudes below about 95 kin. For
altitudes greater than 95 km, the calculated surface pressure and the measured pressure
diverge with increasing altitude. This behavior is qualitatively correct due to the highly
nonequilibrium state--translational, rotational, vibrational, and chemical--that exists at the
orfice inlet and along the tube connection to the pressure transducer. This well known
behavior has been demonstrated t° using the DSMC method to relate inlet tube pressure to the
external surface pressure for the nose region of the Shuttle Orbiter during reentry. As shown
in Fig. 12 of Ref. 10, the pressure inside an inlet tube can become a small fraction of the
surface pressure with increasing rarefaction. Consequently, additional analyses would be
required to relate the "measured pressure" at high altitudes with the calculated surface
pressures.

3.3 Acceleration
Tabulated values of the drag coefficient are included in Table 1 and the results are

shown in Fig. 2 as a function of altitude. Knowing the drag coefficient, acceleration as a
function of altitude can be generated (Fig. 6) for an entry mass of 761 kg (assumed constant)
and a cross-sectional area of 9.0792 m2. When the flight data is extracted from Fig. 15 of Ref.
2 (fidelity of comparison would be improved if tabulated flight data were available), the
agreement with calculated values is very good considering the potential atmospheric
variability that OREX could have encountered relative to the atmosphere used in the
calculations.

Independent DSMC calculations by Koura for the drag coefficient and acceleration
are included in Ref. 2 for a Knudsen number range of 0.01 to 10. Koura's values for drag
coefficient differ from the present calculations; however, the reason for the discrepancy is not
known.



4 CONCLUDING REMARKS
Comparisons of DSMC solutions with OREX nmasured or inferred results are made

for acceleration, surface pressure, and stagnation-point heating rates. In general, the
comparisons show good agreement. For acceleration, the agreement is exceptionally good.
Calculated and measured surface pressure values are in good quantitative agreement for the
lower altitudes but depart with increasing altitude as they should due to the high degree of
nonequilibrium that exists at and within the inlet system used for the "measured pressure".
Agreement for calculated and inferred flight heating rates is fair to good.

The overall good correspondence of flight and calculated results is very encouraging.
Furthermore, the fright infezred heat transfer rate data may be unique for most of the
transitional flow regime in that it exhibits correct qualitative behavior with increasing
rarefaction. As additional refinements in data extraction/definition are made and additional
forebody heating rate information is published, an enhanced aerothermodynamic data base is
expected to evolve from the OREX activity.
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Fig 1. OREX configuration. Fig. 2. Calculated stagnation heating

and drag for OREX.
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